Abstract. We have compiled petrological and geochemical data from 71 ophiolite suites and greenstone belts, which range in age from 15 to 3760 Ma. We have selected those rocks whose compositions indicate that they are either normal mid-ocean ridge basalts (MORBs) or hotspot-type MORBs. Then we used the data base to calculate the most primitive liquidus temperature for each rock suite. The results show that the liquidus temperature of the Phanerozoic ophiolites ranges from a low of 1212øC to a high of 1417øC. Using these data and two exponential curves bracketing the maximum and minimum temperatures versus time, we infer that the Phanerozoic suites had a mean liquidus temperature of 1272+7øC and a mean temperature range of 1218 ø to 1425øC. The liquidus temperatures of Archean MORBlike greenstones range from 1305 ø to 1576øC. Using these data and two exponential curves bracketing the maximum and minimum temperatures versus time, we infer that Archean melts at 2.8 Ga had a mean liquidus temperature of 1399+13øC and a temperature range from 1301 ø to 1533øC. Using two different methods, we show that the change in the mean liquidus temperature since the late Archean is from 96+13øC (from temperature ranges) to 127+20øC (from temperature means). When we convert these liquidus temperatures to potential temperature of the mantle, we find that the change in the mean upper mantle potential temperature since the late Archean is from 137+8øC (from temperature ranges) to 187+42øC (from temperature means). This change is less than that which was previously thought to have occurred. We compared the liquidus temperatures calculated from our data set with an independent data set from the modem day Pacific plate. The resulting histograms have the same shape and the same temperature range, showing that our method for calculating mantle temperatures from MORBlike rocks in ophiolite suites is valid. When our calculated liquidus temperatures for all time intervals are plotted in histograms, the resulting distributions are not bimodal, but skewed unimodal. That is, the distributions show a high-T tail which results from the presence of hotspot magmas in the data set. The Archean temperature distribution is also skewed unimodal, and the high-temperature Archean rocks, such as komatiites, plot in the hotspot area of the distribution. This strongly supports the contention that komatiites do not represent "normal" Archean mantle but rather were probably erupted by hotspots. Our data suggest that the relative proportion of hotspot magmas in oceanic lithosphere has remained nearly constant over geologic time.
It is possible that there has been a secular change in the relative amounts of ordinary and plume-type (i.e., hotspot) convection. Sleep et al. [1988] argued that the Archean had no hotspots because there were few identifiable hotspot tracks crossing Archean cratons. However, their analysis failed to consider the difficulty with which present day hotspots penetrate the thicker Archean age cratonic lithosphere. Because we know that some Archean cratons were already over 220 km thick in the Archean [Richardson et al., 1984] , the Archean continental lithosphere provided a greater barrier to hotspots than more recently formed 100 to 150-km-thick continental lithosphere. Thus the absence of identifiable ageprogressive hotspot tracks on Archean cratons is not particularly surprising.
On the other hand, Campbell et al. [1989] argue that Archean komatiites must have been produced by hotspots based on the work of Karo et al. [1988a, 1988b] MORBlike suites are generated by decompressive partial melting of the mantle in the absence of large quantities of water. These suites may include primitive lavas that record mantle temperatures. MORBlike rocks can be generated in four environments: mid-ocean ridges, back arc basins, primitive island arcs, and hotspots [Hawkins, 1980; Gill, 1984 We gathered information from the literature, compiling chemical analyses of rocks believed to originate as partial melts of the mantle, and for which accurate geochronologic data exists. We carefully reviewed each rock description, discarding any data where the rock composition may have been severely contaminated or altered. In our suites, which do exhibit modest degrees of alteration, multiple analyses of the same rock produce temperature estimates which vary by 5 to 10øC. These variations in the temperature estimate are indicative that modest alteration of the rock does not produce large errors in our estimate of the primitive liquidus temperature.
We identified MORBlike rock suites in our data base by examining the rare earth element (REE) patterns and trace element compositions. Normal MORBs generally have values of REErock/ REEchondrit e in the range of 8 to 15 and the resulting patterns are usually light-REE depleted to flat [Coleman, 1977] . The chondrite-normalized [Anders and Grevesse, 1989 ] REE patterns of hotspot rocks have steep, nearly log-linear slopes and show considerable enrichment in light REE. Both of these REE patterns were considered acceptable. Unacceptable patterns include those with severe depletions in any element (less than 3-5 times chondritic) and those with patterns that were significantly different from those of normal MORB or hotspot rocks. We preferred suites where the trace element distribution patterns were either completely within the MORB field or distributed among both the withinplate basalt (hotspot) and MORB fields [Pearce and Cann, 1973; Pearce and Norry, 1979; Pearce et al., 1984] .
Our goal was to obtain analyses of the most primitive rocks in each suite, those which represent the earliest partial melt of the mantle. The most primitive rock has undergone a minimum amount of crystal accumulation and fractionation prior to its eruption at the surface. We avoided rocks which have undergone crystal accumulation or fractionation. Cumulate rocks yield overestimates of the temperatures in the magma source region, whereas fractionated rocks yield underestimates.
In order to reduce the possibility of compositions affected by crystal accumulation, we looked for fine-grained rocks. We used analyses of flow tops, pillows, and diabases and did not use massive rocks, gabbros, and flow interiors. In komatiitic suites, we prefer rocks with microspinifex texture over those with macro-spinifex texture, since recent studies have suggested that macrospinifex textures form slowly enough to allow some crystal accumulation [Walker et al., 1988] . Microspinifex rocks are also less susceptible to alteration and are more homogeneous than macrospinifex rocks.
In order to identify cumulates, it has been traditional to use the Cr: Ni ratios. We found the Cr: Ni ratio helpful but not definitive. In suites with measured olivine compositions, komatiitic rocks with Cr/Ni ratios in excess of 5 to 10 are usually cumulates. However, there are significant differences in the Cr/Ni ratios derived from the same rock using different analytical techniques and Cr and Ni are mobile during hydrothermal alteration [Hoffman, 1984] 
Measuring the Liquidus Temperature of Primitive Mantle Melts
It is well-known that the ratio of iron to magnesium in a primitive basaltic magma is directly related to its liquidus temperature [Roeder and Emslie, 1970; Longhi et al., 1978] . Furthermore, the liquidus temperature of the basalt is equal to the temperature at the top of the convecting mantle, where that magma was last segregated. Although the mantle is not perfectly adiabatic, the mantle is thought to be close to adiabatic [Langmuir et al., 1992] Error estimates for liquidus temperatures are derived from the temperature difference between the highest temperature rock in a suite and the next closest rock. The rock used to define the error bars can either be a cumulate, which is generally higher in liquidus temperature, or a noncumulate, which is always lower in liquidus temperature. Because multiple chemical analyses of the same rock produce temperature estimates that vary by 5 ø to 10øC, we defined a minimum error of + 5 øC. We did not include any suite in our final analysis with an error greater than + 31 øC.
Results
Using the program we developed, we calculated the equilibrium liquidus temperature for each greenstone belt and ophiolite suite listed in Tables 1 We calculated the temperature range of the liquidus in each age group usi. ng two methods. The first temperature range is a simple mean of all the temperatures from the suites in that age group. The second temperature range is more quantitative, because it takes into consideration the following facts: our data are from suites with different ages, the age groups have differing amounts of data, and the temperatures from the oldest suites change faster with time. To combat these sources of bias in our estimates of the mantle temperature range, we fit bounding curves to the upper and lower limits of the liquidus temperature versus time (Figure 1 ). These bounding curves approximate the radiogenic heat production curve of Wasserburg et al., [1964] . We used this curve because we believe that mantle temperatures are closely tied to radiogenic heat production throughout geologic time. The lower bounds for each time •nterva! correspond to the lowest liquidus temperatures we found from our data set, while the upper bounds correspond to the highest liquidus temperatures.
The Phanerozoic part of our data set has a mean age of 302 Ma. As shown in Table 3 , the lowest Phanerozoic ophiolite liquidus is 1212øC and the highest is 1417øC, with a range of 205 øC. From the curves fit to the data, the lowest liquidus temperature at 0.3 Ga is 1218øC and the highest temperature is 1425øC, with a range of 207øC. The lowest liquidus temperature we found for late Archean greenstones is 1305øC, and the highest is 1514øC, for a range of 209øC. From the curves bounding the data, the lowest liquidus temperature at 2.8 Ga is 1301 øC and the highest is 1533øC, for a range of 232øC. The lowest liquidus temperature we found for the middle Archean greenstones is 1309øC, and the highest is 1576øC, for a range of 267øC. From the bounding curves, the lowest liquidus temperature at 3.3 Ga is 1327øC and the highest is 1567øC, for a range of 240øC. For any given time in Earth's history, our data suggest that the average range of liquidus temperatures has been equal to 236+31øC. This suggests that the nature of the distribution of liquidus temperatures has changed little over the past 3500 Ma.
The data in Table 3 We also plotted temperature versus time for subsets of our data base, taking only those samples with analyses of REE compositions (listed in Table 1) , and using only suites with olivine compositions, either directly measured or inferred from related rocks (see Table 1 N refers to the total number of good samples in the data set. Because a second sample was used for the temperature error estimate, a large number of samples is necessary to obtain a small error on the liquidus temperature. REE, Fo-O1 and Fo-cmn refers to the presence (yes) or total absence (no) of such data. The sample numbers are those used in the original references for each rock suite (see Table 2 ).
plots, while the very high temperature rocks are much less abundant, giving the distribution a skewed appearance.
Sources of Error and Sampling Bias
In assembling our data base, we used rock compositions from both Phanerozoic ophiolite suites and Archean greenstone belts. However, Archean greenstones are not exactly like Phanerozoic ophiolites. For example, sheeted dikes and ultramafic residual mantle rocks are rarely identified in Archcan greenstone belts. Although some of these differences have been attributed to the hotter Archean mantle and its resulting thicker oceanic crust [Hoffman and Ranalli, 1988] , it is not completely clear how these differences might result in preferential preservation, which would bias our results. One possible mechanism for such a bias is that areas of the very thickest (i.e., 22-30 km) crust, corresponding to hotspot type We used Smith's [1990] Pacific age-depth curve to estimate residual depth anomalies. Smith's curve is fit to ship soundings which were checked for quality using a crossover error analysis [Smith, 1993] . The curve is based on data distributed throughout the Pacific plate and fit to median, as opposed to mean, depths. We calculated the residual depth, H, in each 1/2 degree square within the Pacific plate and obtained a histogram of residual depth values. The histogram was then converted from residual depths into potential temperature using the above equations and the result is shown in Figure 8b .
The upper mantle temperatures derived from off-ridge hotspot volcanism tend to be overestimated, due to the fact that the new hotspot crust is not distinguished from the older crust it is built upon. Therefore we assume a 40øC error in each of the temperature calculations, which is roughly equivalent to an excess crustal thickness of 7 km. Because of the term In tc in the equation for potential temperature from crustal thickness, the actual error is somewhat lower for the highest temperature rocks .
A 40 øC value may be also an overestimate of the error because the age-depth curve of Stnith [1990] We argue that the slightly higher average temperatures (on average 32øC higher) derived from the Phanerozoic ophiolites are not significant given our present degree of resolution on geothermometers (+5%), the differences in time range of the data, and probable differences in spreading rate distribution of the data. An additional source of higher temperatures may be the spreading rate distribution of the Phanerozoic ophiolites. It is known that off-ridge hotspots on slow spreading ridges can contaminate and increase the crustal thickness of the on-ridge magmatism. The reason for this is that the slope of the lithosphere-asthenosphere boundary is steep enough on slow spreading ridges to allow hot spot melts to migrate laterally [Rowley et al., 1992] . In contrast, the slope of the lithosphere-asthenosphere boundary on fast spreading ridges is too small to permit lateral melt migration of hot spot magma. Thus oceanic crust created at fast spreading ridges is less influenced by hotspots and will have a residual depth anomaly distribution with a smaller proportion of high temperatures. Although the spreading rate distribution of all of our Phanerozoic ophiolites is not known, some are inferred to have formed at slow spreading ridges [Coleman, 1977 [Coleman, , 1984a [Coleman, , 1984b . We suggest that a temperature distribution derived from crust formed at slow spreading ridges will have a larger high-temperature tail. In contrast, virtually all of the crust formed on the Pacific plate in the last 60 m.y. was formed at ridges which spread at rates that are too high to allow hotspot melts to migrate laterally. Thus part of the relative narrowness of the high-temperature tail of the distribution from the Pacific plate is due to its derivation from crust that formed at high seafloor spreading rates. Table 1. to 31% frequency. We also make the peak broader. For the Archean data, we also calculated minimum and maximum temperature curves from the estimated error in the temperature calculations. Note that only one peak is statistically signficiant: this one peak appears in all three curves. Again, we see the skewed unimodal distribution which was discussed earlier.
We also believe that as more data become available from all types of Archean greenstone belts, not only those with komatiites, the cluster of temperatures in the midrange of the distribution will increase in number.
Conclusions
We have compiled petrological data from 71 greenstone belts and ophiolite suites. We used this data set to calculate the range of mantle temperatures from the early Archean to the present. Our data show that the mean liquidus temperature has declined from roughly 1437+40øC in the middle Arcbean to roughly 1272+7øC in the Phanerozoic. Because of preservational and sampling biases, our work probably gives an upper bound to the change in mantle temperature since the Archean. The temperature change obtained by using an envelope technique gives a lower bound to the change in mantle temperatures. The amount of change in the potential temperature from the late Archean to the present day ranges from a low of 137+ 8øC (from temperature ranges) to 187+42øC (from temperature means). The amount of change in the potential temperature from the middle Arcbean to the present ranges from a low of 177+14øC (from temperature ranges) to a high of 238+ 56øC (from temperature means). It is reassuring to note that the mean values for the temperature change obtained from both techniques have standard deviations which indicate that the temperature changes are the same within the limits of error.
Our results show that komatiites do not represent "normal" or "average" Archean mantle, as argued by Nisbet and Fowler [1983] , but rather fall on the high-temperature tail of a skewed, unimodal Archean temperature distribution. In other words, the temperature distribution of the Archean mantle was not bimodal. Therefore komatiites more probably were derived from Archean hotspots, not from average Archean mantle. These results satisfy the conditions put forth by Kato et al. [1988a, 1988b] with regard to the near-chondritic trace element ratios in the present-day mantle.
The skewed, unimodal shape of our Arcbean temperature distribution also implies that hotspots produced only a relatively small proportion of magmas in the Arcbean and hence accounted for only a small percentage of the total oceanic heat loss in the Archean. Consequently, the major method of terrestrial heat loss in the Arcbean must have been the production, convective hydrothermal cooling, and subduction of normal, ridge-produced oceanic lithosphere, just as it is in the present day. The existence of Archean hotspots also supports the idea of a large temperature discontinuity across the Archean core-mantle boundary [Sleep et al., 1988] , because the generation of hotspots is probably the result of plumes formed at that depth. The results of our comparison of the temperature regimes in the Archean and the Phanerozoic do not support suggestions that there was a sudden change in mantle convection at the Archean-Proterozoic boundary [Campbell and Grijffiths, 1992] . Our data are most consistent with a gradual evolution of the temperature regime in the mantle, directly correlated with changes in the rate and amount of radiogenic heat production.
